We have performed time-resolved photoluminescence measurements on suspensions of silicon nanoparticles using near-infrared two-photon femtosecond excitation. Our results for 1 nm particles show wide bandwidth but indicate full conversion to directlike behavior, with a few nanosecond time characteristic, corresponding to oscillator strength comparable to those in direct semiconductors. In addition to fast nanosecond decay, the photoluminescence from 2.85 nm nanoparticle suspension exhibits considerably slower decay, consistent with a transition regime to directlike behavior. The quantum yield is measured to be ϳ0.48, 0.82, and 0.56 for excitation at 254, 310 and 365 nm, respectively, for the blue 1 nm particles, and ϳ0.22, 0.36, and 0.50 for the red 2.85 nm particles. The directlike characteristics are discussed in terms of localization on radiative deep molecularlike Si-Si traps with size-dependent depth.
I. INTRODUCTION
The prospect of using Si nanocrystals as a gain medium for lasers was conjectured as early as 1990, when visible ͑red͒ luminescence in porous silicon was first discovered by Canham. 1,2 The use of bulk Si and other indirect bandgap semiconductors as a gain medium is problematic. In those, stimulated emission is very weak because the luminescence decay rate is very slow with very weak oscillator strength. Moreover, the loss due to nonradiative Auger processes and free-carrier absorption is very significant, exceeding the gain by stimulated emission. But, the situation is different for ultrasmall particles since they acquire numerous novel characteristics. As the material size is reduced to a few nanometers ͑ϳ3 nm, for example͒, quantum confinement, phononexciton coupling, valence band orbital degeneracy, electronhole spin exchange interaction, valley orbit interaction, and optical selection rules experience modifications that strongly impact the electronic and optical activity. A further decrease in the particle size to an ultrasmall regime ͑1-3 nm, or 20 to 1000 atoms͒ intensifies the effect of boundaries, resulting in the loss of elasticity and translational symmetry. Under these conditions, both the absorption and gain characteristics of nanocrystallites become heavily dependent on their size. [3] [4] [5] There have been no measurements of the time dynamics and oscillator strength of the photoluminescence of specific Si cluster configurations in the 1-3 nm size regime. Experimental measurements of the time dynamics in porous silicon have been, however reported 2 Under some conditions, fast decay channels have been reported. However, the conditions on sample preparation and measurements are not reproducible; and the analysis is not straightforward because porous Si consists of interconnected wirelike structures of random size and shape, with nanostructures being mostly larger than 3 nm. Thus, fabricating size-, shape-, and orientationcontrolled luminescent Si nanoparticles, with reproducibility, would alleviate these problems, and provide an opportunity to elucidate the transition regime under straightforward measurements and interpretation. 6 In this paper, we present the time dependence of the photoluminescence of suspensions of 1 nm blue luminescent nanoparticles and 2.85 nm red luminescent nanoparticles, [7] [8] [9] under two-photon near-infrared femtosecond excitation. The particles were prepared using an electrochemical etching method, 10 which we developed for the dispersion of bulk crystalline Si into identical nanoparticles. 11 Our results for 1 nm particles demonstrate the conversion to directlike behavior with fast decay channels of a few nanosecond time characteristics, corresponding to oscillator strength comparable to those in direct semiconductors. In addition to fast nanosecond decay channels, the photoluminescence from 2.85 nm nanoparticles exhibit considerably slower decay channels, indicating a transition regime from indirect-to directlike behavior. The directlike response is discussed in terms of luminescence from novel size-dependent Si-Si deep traps, with molecularlike localization. 5, [12] [13] [14] The photoluminescence band remains wide, extending over the range 50-70 nm, characteristic of electronic transitions in molecules.
II. EXPERIMENT
We used electrochemical etching in HF and H 2 O 2 to disperse crystalline Si into ultrasmall nanoparticles. 10, 11 The wafer is laterally anodized while being advanced slowly into the solution. Because HF is highly reactive with silicon oxide, H 2 O 2 increases the etching rate, producing smaller particles. Moreover, the oxidative nature of the peroxide produces chemically and electronically high-quality samples. The pulverized wafer is then transferred to an ultrasound bath, under which the film dislodges into a colloidal suspension of nanoparticles. High-resolution TEM shows that, under certain conditions, we produce a family of discrete, nearly spherical nanoparticles, which include 1 and 2.85 nm nanoparticles that can be subsequently separated and purified. 15 The excitation employs a two-photon process at 760-800 nm, corresponding to an effective single photon process at 380-400 nm. We used a mode-locked femtosecond Tisapphire near-infrared laser system, generating pulses of Ͻ150 fs duration at a repetition rate of 80 MHz ͑12 ns duty cycle͒. At the target, the average power, 20 mW, is focused to a beam waist of ϳ0.5 m, giving an average intensity of 10 7 W/cm 2 ͑peak pulse intensity of 10 12 W/cm 2 ͒. In the measurement of the time dynamics we did not employ wave-length resolution; all of the photoluminescence in the blue band of the 1 nm particles or in the red band of the 2.85 nm particles was collected using a photomultiplier.
III. RESULTS
We prepared a colloid of 1.0 nm nanoparticles. The luminescence band extended from 400-480 nm under excitation in the 760-800 nm range. Measurements of several samples were taken, with good reproducibility, indicating the consistency of the samples of nanoparticles. Moreover, we found no dependence of the decay characteristics on pumping power or particle concentration. The photoluminescence spectra over a wider range of excitation were recently studied using a single photon excitation. The particle exhibits several luminescence bands of emission. The spectra are given in Fig. 2 of both Refs. 6, for example. In these measurements, the excitation wavelength was varied between 250 and 400 nm, while collecting the emission in the range 250-600 nm at each excitation wavelength. Distinct emission bands are observed, centered at 310, 360, and 390 nm. The corresponding excitation bands for these emission wavelengths are centered at 275, 310, and 335 nm ͑4.6, 4.0, 3.7 eV͒, respectively. For both the emission and excitation, the bands are ϳ40-70 nm wide. Figure 1 gives time-resolved photoluminescence in a typical trace. It was taken under 780 nm excitation. The working range of the free decay is ϳ2-11 ns within the 0-12 ns duty cycle. The flat steady-state background the free decay is riding on is due to accumulation resulting from decay rates with a long characteristic time scale. Figure 1 shows that the background is ϳ10% of the maximum yield. This value of background shows that the 1 nm nanoparticle has predominantly short lifetimes Ͻ12 ns. We analyze the time dynamics to a single exponential function and a constant that may account for any decay with a long time characteristic. The procedure yields 2.6± 0.3 ns for the lifetime. We next analyzed the decay to multiple decay rates. For two rates, we get lifetimes of 1 and 3 ns with amplitude branching ratios of 1 to 4 and a 5% constant. Measurements using 800 nm excitation gave 1 and 3 ns with 1 to 4 amplitude ratio and 6% constant. Measurements using 760 nm excitation gave 1 and 3 ns with 1 to 4 amplitude ratio and 7% constant. The variation of rates with wavelength is insignificant. Setting the constant to near zero, the fit gives rates of 1.6 and 6 ns with an amplitude ratio of 1.3 to 1. To get an estimate for the oscillator strength of the transition, we use a representative lifetime value of 2.6 ns. The oscillator strength, f, is related to the lifetime according to f = 1.5ϫ 10
, where is the average luminescence wavelength, in angstroms, and is in seconds. g b / g a is the ratio of the degeneracy of the ground and excited states. 16 In our experiment, the degeneracy ratio is unknown, since there is no information about the excited state channel͑s͒ responsible for the photoluminescence. If we use a reasonable ratio of one, and use 4000 Å for the wavelength, the expression yields a large oscillator strength of 0.92. Even a degenaracy ratio of 0.33 yields oscillator strengths of 0.3. For comparison, the H ␣ Lyman transition is known to have a large oscillator strength of ϳ0.4. 17 The oscillator strength is a measure of the radiative strength of transitions. In general, in a Z-electron system, the oscillator strength ranges between zero, for no transition, and Z for a fully allowed ͑strong transition͒. In a 1 nm nanoparticle there are six dimers that can cause radiative transitions. 7 We examined a suspension of 2.85 nm nanoparticles. We used chromatography to separate and purify the sample to ensure no contamination from blue luminescent particles or any other species. The purified particles exhibit a red luminescence band, extending from 550-680 nm with a peak near 610 nm with no luminescence in the blue range. The photoluminescence spectrum was recently studied over a wider range of excitation using a single photon excitation. Unlike the 1 nm particle, the 2.85 nm particle does not exhibit multiple luminescence bands; it exhibits only a red band. ͑See The typical time-resolved photoluminescence of these particles was shown above in Fig. 1 . The fluorescence in this case decays to the near 50% level within the detection time window ͑12 ns͒. This implies that the nanoparticle has fast decay channels as well as considerably slower decay channels with times Ͼ12 ns. Analyzing the time dynamics using two-exponential functions and a constant level gives 1.3 and 5.7 ns with an amplitude ratio of 1 to 1.5 and a constant of 50% of the maximum yield. We are unable to measure the slow decay component with the present system. To get a rough idea of the order of magnitude of the long decay, we set the constant to near zero. In this case the fit gives rates of 1.6 and 38 ns with amplitudes of 1 to 2.
We made quantum yield measurements using a research grade commercial polysilicon solar sheet. The response of the sheet is known as a function of the wavelength of the incident radiation. We spread the nanoparticles into a thin film on the active surface, and measured the efficiency of the cell as a function of the thickness of the nanoparticle film.
By comparing the response at zero thickness with that for nearly full absorption of the UV in the nanofilm, we derived the conversion efficiency of the UV into visible radiation. For the 1 nm particles we arrive at a quantum yield of ϳ0.48, 0.82, and 0.56 for excitation at 254, 310, and 365 nm, respectively. The 2.85 nm red particles exhibit for the same excitations a yield of ϳ0.22, 0.36, and 0.5, respectively. 19 These large quantum yields are also consistent with emission intensity yields. In a previous work, we were able to measure the emission intensity from single 1 nm particles excited by the two-photon process at 780 nm. This is consistent with a large quantum yield, and sizable absorption. ͑See Ref. 11.͒
IV. DISCUSSION
The recombination of spatially confined excitons in the bulk of nanocrystals, analyzed by Hybertsen using an effective mass procedure, 3 shows that for sizes smaller than 1.5-2.0 nm, the oscillator strength of zero-phonon transition dominates that of phonon-assisted transitions. In this size regime, losses due to nonradiative processes drop. However, the luminescent excitons are found to have an oscillator strength of 0.002 in nanocrystallites of 1.5 nm diameter corresponding to the luminescence lifetime of a few microseconds. Sundholm obtained an oscillator strength of 0.0017 for luminescence from a fully nonreconstructed bulk Si 29 ͑1 nm͒ cluster configuration ͓see Fig. 2͑a͔͒ . 4, 9 In those calculations, the molecular structures of the ground and the lowest excited state, 4 hence the electronic absorption and emission energy were optimized at the density-functional-theory ͑DFT͒ level using the time-dependent perturbation theory ͑TDDFT͒ approach. Other calculations of spherical clusters 5 used linear combination of atomic orbital framework. The calculations showed that the nature of the transition, i.e., Al-T 2 ,T 2 -T 2 , or E-T 2 in the representation of the T d point group, can change quickly with respect to a small change in the crystallite size. In the range of 1.3-1.5 nm diameter, for instance, the calculation gives oscillating rates of recombination that span over two decades ͑10 6 -10 8 Hz͒, which correspond to a 0.001-0.1 range of oscillator strength, with the upper limit approaching our experimental result.
A viable explanation of the fast decay rates observed involves molecularlike traps. If the trap states are shallow states, the picture will not essentially change. 3 This is due to the fact that shallow trapping changes the zero-phonon and phonon-assisted oscillator strengths in roughly the same way. If only deep traps are really involved in the photoluminescence process and act as a decisive factor, fast decay is expected and little change in oscillator strength with cluster size could be observed. A recent model presented by Allan et al. involves intrinsic radiative Si self-traps, 12 which were discovered in density functional theory simulations, and is based on Si-Si surface reconstruction. The wave functions of these states are not extended throughout the bulk of the nanoparticles, but rather concentrated on local sites of atomic dimensions. 5, 12, 13 Those reconstructions can take place more readily in ultrasmall particles for which the elasticity drops. This makes the atoms amenable to large movement. For instance, in the model, some surface Si atoms in 1 nm particles move by more than 0.65 Å from their bulk positions to reconstruct into novel radiative Si-Si dimers, with a binding energy of 0.75 eV, much larger than the thermal agitation energy of 0.025 eV. But, the binding energy ͑depth of trap͒ depends sensitively on the size of the particle, dropping from 0.75 eV for 1 nm to a shallow condition for nanoparticles of a few nanometers diameter. For instance, it is 0.25 eV in 1.7 nm particles, and is expected to be ϳ0.03 eV for 3 nm particles, comparable to the thermal agitation energy. The formation of these reconstructions is favorable under our dispersion conditions. H 2 O 2 in our etchant is critical for controlling the amount and configuration of hydrogen on the surface, hence the reconstruction. The reaction Si n H m → Si n H m−2 +H 2 has a barrier of 0.6 eV. However, the reaction Si n H m +H 2 O 2 → Si n H m−2 +2H 2 O proceeds followed by reconstruction to form novel radiative Si-Si dimer bonds while gaining an energy of 0.25 eV. The fully reconstructed bulklike Si 29 ͑1 nm͒ cluster configuration with a total of six dimers is shown in Fig. 2͑b͒ . 7 The large binding of the trap may explain the domination of the fast fluorescence decay time in 1 nm particles. But the shallow binding of the trap in a 2.85 nm particle may explain the presence of a fast as well as a slow decay channel. The slow components may be associated with radiative recombination of electron hole pairs in the bulk of the particle, i.e., under spatial bulklike localization in the particle. Allan et al. presented an example of a recombination on traps. Detailed calculations of the oscillator strength or lifetime for transitions in the HOMO-LUMO gap in a 1.67 nm cluster gave lifetimes as short as 100 ns. 12 There is no corresponding calculation for the 1 nm particle, or for the 2.85 nm particle. Such calculations should be most helpful for a detailed comparison with the experimentally observed lifetimes.
The measured fast time dynamics or the derived large oscillator strengths are supported by the sizable quantum yield of nearly 50% reported above for 1 nm particle. The quantum yield of nearly 25% is consistent with the presence of a fast as well as a slow luminescence channel for the red 2.85 nm particles.
It is worth mentioning that Si-Si bonds have been a factor in other systems that exhibited fast nanosecond fluorescence. 20 Because of its Si-Si conjugation, short silane chains or polysilane have many unique electrical and optical properties. For instance, the measured fluorescence lifetime in polysilane is in the subnanosecond regime, namely 0.4 ns. Moreover, in a wide wavelength range ͑about 280-350 nm͒, polysilane displays strong absorption. Upon ultraviolet absorption, it emits strong fluorescence with a quantum efficiency of 0.1-0.8.
Local density theory calculations in the ultrasmall size regime showed that the rate of nonradiative Auger recombination processes in Si clusters drops appreciably such that it becomes dominated by the simultaneously rising rate of radiative recombination. 5 For instance, for sizes with a band gap larger than 2.2 eV, namely of diameters smaller than 2.85 nm, the nonradiative rate begins to drop rapidly. For 1 nm particles used in this study ͑a gap of 3.5 eV͒, the nonradiative rate is vanishing small, while the radiative channel is fast. Thus the ratio of the radiative rate to the sum of the radiative and the nonradiative rates ͑fluorescence quantum yield͒ is expected to be large. Our measurement of large oscillator strength implies that channels other than radiative, which may channel the excitation out of the radiative state and decrease the fluorescence intensity, are indeed of little consequence. In this limit, the inverse of the radiative lifetime, hence the oscillator strength is proportional to the integral of its absorption coefficient over the spectrum ͑Strickler-Berg relation͒. 21 In fact in our measurement, the detector integrates all of the photoluminescence in the band. It is to be noted that, despite the directlike time characteristics, the photoluminescence band is wide, characteristic of electronic transitions in molecules, and extending over the range 400-480 nm for 1 nm particles and over 550-680 nm for the 2.85 nm particles.
Optical measurements taken by several groups using Si clusters in various formations showed signatures of optical gain, which point to a fast photoluminescence time characteristic. For instance, the excitation of porous silicon with near-infrared two-photon femtosecond processes resulted in blue luminescence with highly nonlinear characteristics of stimulated emission. 22 The excitation of clusters or films of 1 nm silicon nanoparticles with near-infrared two-photon femtosecond processes resulted under certain conditions in directed blue beams. 23 The excitation of clusters of red luminescent 2.85 nm diameter Si nanoparticles with green radiation from a mercury lamp produced directed red beams. 24 Optical amplification at the emission wavelength was reported in some measurements in 3 nm luminescent nanocrystals prepared by ion implantation, or by plasmaenhanced chemical vapor deposition. [25] [26] [27] [28] [29] Upon heavy oxidization using a variety of oxidation protocols, the red microsecond luminescence in porous silicon transforms into fast nanosecond ͑1-10 ns͒ 30,31 blue luminescence. [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] The protocols include rapid thermal oxidation ͑RTO͒, chemical oxidation, mild oxidation by boiling water, 32, 33 amine treatment in combination with RTO, 39 and long-term aging. The red band does not evolve smoothly into the blue band but tends to vanish after heavy oxidation. 34 Thus, some researchers believe that this green/blue band is not due to quantum confinement but rather related to the Si-O species, 31 or due to defects and the silica networks on which OH groups are absorbed. 40 However, an interpretation in terms of quantum confinement in Si clusters that decrease in size upon oxidation has been controversial, especially since the emergence of blue is not a smooth function of the oxidation period. 40, 41, 34 It is to be emphasized, however, that, after etching, our samples have not been thermally or chemically treated nor oxidized.
V. CONCLUSION
In conclusion, we recorded the time dependence of the photoluminescence of suspension of fluorescent silicon nanoparticles, under two-photon femtosecond excitation. Under a single photon excitation, we measure a quantum yield of nearly 50% for the blue 1 nm particles, and nearly 25% for the red 2.85 nm particles. We find predominantly fast luminescence decay in 1 nm particles, corresponding to large oscillator strength. For larger particles of 2.85 nm diameter, we find both fast nanosecond decay as well as slow decay. The measurements are discussed in terms of a luminescence mechanism that is based on size-dependent intrinsic molecularlike localization on radiative Si-Si traps. The measured time dynamics of photoluminescence for 1 nm particles indicates full conversion to directlike behavior, with few nanosecond time characteristics, corresponding to oscillator strength comparable to those in direct semiconductors. On the other hand, a 2.85 nm nanoparticle suspension exhibits luminescence characteristic consistent with a transition regime to directlike behavior. The luminescence bandwidth remains wide.
The directlike characteristics are discussed in terms of localization on radiative deep molecularlike Si-Si traps with size-dependent depth.
